Cyclotron mode frequencies are studied on trapped rigid-rotor multi-species ion plasmas. Collective effects and radial electric fields shift the mode frequencies away from the "bare" cyclotron frequencies 2pF ðsÞ c ðq s B=M s cÞ for each species s. These frequency shifts are measured on the distinct cyclotron modes (m ¼ 0; 1; and 2) with cosðmhÞ azimuthal dependence. We find that for radially uniform plasmas the frequency shifts corroborate a simple theory expression, in which collective effects enter only through the E Â B rotation frequency f E and the species fraction d s . The m ¼ 1 center-of-mass mode is in agreement with a simple "clump" model. Additionally, ultracold ion plasmas exhibit centrifugal separation by mass, and additional frequency shifts are observed, in agreement with a more general theory. V C 2015 AIP Publishing LLC.
I. INTRODUCTION
Plasmas exhibit a variety of cyclotron modes, which are used in a broad range of devices to manipulate and diagnose charged particles. In fusion devices, cyclotron modes are used for plasma heating, [1] [2] [3] and the intensity of the plasma cyclotron emission provides a diagnostic of the plasma temperature. 4, 5 Cyclotron modes in ion clouds are also widely used in molecular chemistry and biology to precisely measure ion mass. In these plasmas with a single sign of charge, [6] [7] [8] collective effects and electric fields shift the cyclotron mode frequencies away from the "bare" cyclotron frequencies 2pF ðsÞ c ðq s B=M s cÞ for each species s. Mass spectroscopy devices typically attempt to mitigate these effects with the use of calibration equations, but these equation commonly neglect collective effects 9 or conflate them with amplitude effects. 7 Here, we quantify the shifts of cyclotron mode frequencies for several cyclotron modes varying as cosðmh À 2pf ðsÞ m tÞ. We also quantify the plasma heating from resonant wave absorption of the m ¼ 1 center-of-mass mode. These measurements are conducted on well-controlled, laser-diagnosed, multispecies ion plasmas, with near uniform charge density n 0 characterized by the near-uniform E Â B rotation frequency f E cen 0 =B. On these radially uniform plasmas, the cyclotron mode frequency shifts are proportional to f E , with a constant of proportionality dependent on the species fraction d s n s =n 0 , as predicted by a simple theory expression. [10] [11] [12] [13] The plasma heating from resonant wave absorption is quantified using a single particle model. We find that the plasma heating and the cyclotron mode frequency shifts can be used as diagnostic tools to measure the species fractions d s .
The cyclotron mode frequencies are also investigated on plasmas with non-uniform species distributions n s ðrÞ. The radial distribution of species is controlled through the effects of centrifugal mass separation. [14] [15] [16] [17] When the species are radially separated, the cyclotron mode frequencies depend on the "local" concentration of species. These measurements are in agreement with a more general theory 11, 12 involving a radial integral over n s ðrÞ, with a simple asymptote for complete annular separation.
II. EXPERIMENTAL APPARATUS
These un-neutralized ion plasmas are confined in a Penning-Malmberg trap with a magnetic field of B ¼ 2:965 60:002 T. A Magnesium electrode arc 18 creates a neutralized plasma, and the free electrons stream out through the þ180 V end confinement potentials, leaving N tot $ 2 Â 10 8 ions in a cylindrical column with a length L p $ 10 cm. By use of a weak applied "rotating wall" (RW) field, 19 the ions are confined for days in a near thermal equilibrium state described by rigid rotation and a "top-hat" density profile.
Laser Induced Fluorescence (LIF) techniques 20 enable measurements of the parallel Fðv k Þ and perpendicular Fðv ? Þ velocity distributions of the Mg ions. Our "standard" plasmas with T $ 10 À2 eV have near-uniform densities, temperatures, and E Â B rotation for all species. However, the probe laser beam has a non-zero half-width of r L ¼ 0:39 mm, so the LIF-measured plasma edge appears rounded. Figure 1 shows the LIF data (symbols) for n(r) and f E ðrÞ, together with the expected profile (dashed) from a convolution of the laser beam with a best-fit radially uniform n 0 and f E (solid lines). This fitting process enables accurate measurements of the rigid-rotor rotation frequency f E and "top-hat" radius R p which will be used to characterize the cyclotron mode frequency shifts.
The three profiles shown in Fig. 1 are of the same ions under different RW conditions. By altering the frequency of the RW field, the plasma can be re-arranged to a desired density, radius, and rotation frequency, with n 0 R 2 p remaining constant. In these experiments, the ion densities range over n 0 ¼ ð1: 8 ! 1:7Þ mm. The radial distribution of ion species is also temperature dependent through the effect of centrifugal mass separation. [14] [15] [16] [17] For plasmas at T տ 10 À2 eV the ions species are uniformly mixed. In contrast, at T < 10 À3 eV the species begin to centrifugally separate by mass, with near-complete separation at T < 10 À4 eV. Thermal Cyclotron Spectroscopy (TCS) is used to detect the cyclotron resonances. A cartoon of this process is shown in the inset of Fig. 2 . A series of RF bursts, scanned over frequency, are applied to an azimuthally sectored confinement ring with radius R w ¼ 2.86 cm. Resonant wave absorption heats the plasma, changing the 24 Mg þ velocity distribution, which is detected through LIF diagnostics. Figure 2 shows a broad TCS scan used to identify the plasma composition. Here, the plasma heating is detected as an increase in the cooling fluorescence, and we use a long RF burst of 10 4 cycles for a narrow frequency resolution. As expected, the plasma consists of 24 Mg þ , and the Magnesium isotopes 25 
III. RESONANT HEATING
To quantify the resultant heating from resonant wave absorption we measure the time evolution of the parallel velocity distribution Fðv k ; tÞ concurrent with a resonant RF burst. This entails detuning the probe laser frequency to a v k in the Mg þ distribution. The cooling beam is then blocked, a cyclotron mode is excited, and the arrival time of each detected photon is recorded. By repeating this process for 100 different probe detuning frequencies (i.e., parallel velocities) Fðv k ; tÞ is measured for specified time bins. These distributions are fit by Maxwellian distributions to construct the time evolution of the plasma temperature. Figure 3 shows the resulting temperature evolution for the excitation of the center-of-mass mode of 24 Mg þ at three different burst amplitudes A B . In this case, the plasma is initially cooled to T $ 10 À3 eV, and the heating due to collisions with the room temperature background gas is negligible at about 1:7 Â 10 À6 eV=ms. At 20 ms, the cyclotron mode is excited using a 200 cycle burst at f ð24Þ 1 ¼ 1894:6 kHz, corresponding to a burst period s B ¼ 0:1 ms. The plasma temperature increases by DT s on a 10 ms time scale as the cyclotron energy is deposited as heat in the plasma, through collisions.
We find DT s / ðd s =M s ÞðA B s B Þ 2 for short bursts s B Շ0:1 ms, as shown in Fig. 4 . Here, the center-of-mass mode of 24 Mg þ and 26 Mg þ are excited at f The amount of heating is dependent on the concentration of the species d s , with the majority species 24 Mg þ heating the plasma about 4Â more than the minority species 26 Mg þ . This DT s scaling is consistent with a single particle model. Consider an ion initially at rest in the plasma, which is then excited at the species center-of-mass cyclotron 
The amplitude of the driven cyclotron motion increases linearly in time, with an average energy in an oscillation of
neglecting smaller terms linear in the burst period. Here, the strength of the electric E 0 is proportional to the burst amplitude A B applied to an azimuthally sectored confinement ring. This model has ignored any dephasing between the oscillator and the drive, which can result from collisions, damping, or an initially off-resonant burst. Dephasing will result in less energy per ion, and as a result a smaller DT s . We find that the DT s / ðA B s B Þ 2 scaling is only valid for short bursts s B Շ0:1 ms. As the burst period is increased, keeping A B s B constant, we observe a decrease in the plasma heating. At a s B $ 1:7 ms ð$ 3000 cyclesÞ, the heating is decreased to less than 40% of the short burst expectation, with a larger decrease for the minority species.
This dephasing for long bursts explains why the height of the peaks in Fig. 2 underestimates the concentrations of the minority species. At the moment, it is unclear what is causing the dephasing on this time scale. We have changed the initial plasma temperature by an order of magnitude ð10 À3 ! 10 À2 Þ eV to no effect, and the burst frequency is accurate to a few hundred Hz, ruling out an off-resonant drive.
IV. RADIALLY UNIFORM PLASMA
Frequency shifts are measured for the m ¼ 0, 1, and 2 cyclotron modes, having density perturbations on the plasma radial surface varying as dn / cosðmh À 2pf ðsÞ m tÞ, as shown in Fig. 5 . For the m ¼ 1 center-of-mass mode, the ion orbits are in phase resulting in a displacement of the center-ofmass of the exited species, which then orbits the center of the trap at f ðsÞ 1 , Fig. 5(a) . This mode is excited by a dipole burst on an azimuthally sectored confinement ring. A quadrupole burst excites the "elliptical" m ¼ 2 mode. 10, 21 As shown in Fig. 5(b) , this elliptical density perturbation, rotating at f ðsÞ 2 , is created by a 180 phase shift of the ion orbits on opposite radial edges of the plasma. The final mode we have analyzed is the novel m ¼ 0 radial "breathing" mode, [22] [23] [24] in which the plasma cross-section expands and contracts radially, as shown in Fig. 5(c) . To excite this mode the end of the plasma is wiggled at f ðsÞ 0 , since the wave generates no external electric field except at the plasma end. The ion orbits are typically excited to twice the thermal cyclotron radius, which at T $ 10 À2 eV is about 40 lm. Figure 6 shows the m ¼ 0, 1, and 2 cyclotron mode frequencies for 24 Mg þ . The m ¼ 0 and m ¼ 1 modes are downshifted from the "bare" cyclotron frequency 24 Mg þ and a minority species 26 Mg þ . Open and closed symbols correspond to bursts consisting of 100 and 200 cycles, respectively.
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In the case of the m ¼ 1 mode, this downshift away from the "bare" cyclotron frequency can be understood through a simple clump model. Sketched in Fig. 5(d) is a cylindrical trap confining a multi-species ion plasma. A species is excited to an amplitude D s , and undergoes uniform circular motion about the center of the trap with a velocity v s , resulting in a frequency f ðsÞ 1 ¼ v s =2pD s . The dynamics of this excited species can be modeled by a point particle located at the center-of-mass of the excited species. The radial forces acting on this point particle are the centrifugal, v s Â B, and electrostatic forces, summing to zero as
Here,Ẽ r represents the electric field of the non-resonant species, trap potentials, and image charge on the trap wall; rather than the total electric field E r measured through f E . Equation ( In these experiments, the radial electric field is controlled by compressing the plasma with the RW, and the strength of this electric field is measured through the E Â B rotation frequency f E . In Fig. 7 , the measured cyclotron frequencies of the m ¼ 0, 1, and 2 modes are plotted versus f E for the majority species 24 Mg þ and a minority species 26 Mg þ . The cyclotron mode frequency shifts are proportional to f E , but the proportionality constants are different for the majority species 24 Mg þ , than for the minority species 26 Mg þ , due to plasma collective effects. These cyclotron mode frequencies can be obtained from plasma wave theory. This theory assumes a cold, radially uniform plasma of infinite length, and solves the VlasovPoisson equation for a cosðmhÞ surface perturbation in a frame rotating with the plasma at f E . Frequency shifts of the form
are predicted. 11, 12, 25 The d s ð1 À R m Þf E term represents collective interactions in the plasma frame rotating at f E ; the À2f E term is a shift due to the Coriolis force in the plasma frame; and the mf E term is the Doppler shift back to the lab frame. Fitting Eq. (4) to the measured frequency shifts in Fig. 7 , we find that the observed mode frequency spacing is consistent to within the 2% accuracy of the LIF measurements of f E , and that these cyclotron modes converge to the "bare" cyclotron frequency F ðsÞ c in the limit f E ! 0. Also, the slope of the frequency shifts in Fig. 7 
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obtained from the resonant wave absorption technique. The corresponding mass ratio from This surface wave theory 11, 12, 25 has ignored finite length effects resulting from the trap end potentials. These effects have been measured on the low-frequency diocotron mode in electron plasmas. 26 Extending these results to the plasma conditions of our experiments, we find that finite length effects produce a frequency shift of approximately 50 Hz, which is small compared to the frequency shift of the nonresonant species.
In a single species plasma ðd ¼ 1Þ, the frequency shifts from trap potential and image charge are dominant, since there are no non-resonant species. Prior work 21 measured the center-of-mass cyclotron mode frequency on electron plasmas and found that the m ¼ 1 mode is downshifted by the diocotron frequency f D , due to image charge in the conducting walls. Later multi-species work 10 described the spacing between the m-modes in terms of several f D when image charges dominated. This prior work was conducted on hot plasmas T $ 3 eV, with parabolic density profiles, and large R p =R w . In general, f E is the more fundamental parameter describing these frequency shift, having little to do with R w .
V. NON-UNIFORM SPECIES FRACTIONS
In this section, we investigate the cyclotron mode frequencies on plasmas with non-uniform species fractions. The radial distribution of species is controlled through the effects of centrifugal mass separation. When uniformly distributed, species of different mass rotate at slightly different rates and therefore experience a viscous drag in the azimuthal direction. This drag produces an F drag Â B drift, which radially separates the species to form a rigid-rotor rotation profile. The species concentrate into separate radial annuli, each approaching the full plasma density n 0 , with the lighter species on center.
The equilibrium density profiles of each species can be theoretically determined. The ratio of densities between two species is equal to
where C ab is a constant determined by the overall fraction of each species. 17 The effects of centrifugal mass separation are important for species with a large mass difference and for cold plasmas.
Shown in Fig. 8 are measured density profiles for both a warm plasma with minimal separation and a cold plasma with strong separation. The symbols represent the LIF measured FIG. 7 . Cyclotron mode frequencies versus measured f E for the majority species 24 Mg þ , and a minority species 26 Mg þ . Symbols are experimental data and curves are fits to Eq. (4), which determine F densities of the Mg þ isotopes, and the solid black line is the total plasma density n 0 measured through the E Â B rotation frequency. The curves are theory predicted profiles for the measured species fractions d s , plasma rotation frequency f E , and "top-hat" radius R p . These theory profiles have been convolved with the finite size probe laser beam r L , so they can be compared directly with the experimental measurements.
At T ¼ 4:8 Â 10 À3 eV, the species are uniformly mixed, as shown in Fig. 8 (top) . This is a typical example of a radially uniform plasma. Here, the species fractions d s n s =n 0 are constant over the plasma radius, and the cyclotron mode frequencies are well described by Eq. (4) . Note that the sum of the Mg þ isotopes is not equal to the total plasma density due to the presence of impurity ions, H 3 O þ and O þ 2 , not detected by the LIF diagnostics.
As the plasma is cooled, the species centrifugally separate and concentrate into radial annuli, increasing the "local" n s ðrÞ. At T ¼ 7:1 Â 10 À4 eV, the 24 Mg þ has approached the full plasma density n 0 , pushing the heavier Mg þ isotopes to the radial edge, as shown in Fig. 8 (bottom) . The central hole observed in the Mg þ density profile is a result of the lighter impurity species H 3 O þ . Although the overall species fractions are unchanged, the "local" d s ðrÞ n s ðrÞ=n 0 have increased for each species. We find that the cyclotron mode frequencies are dependent on these "local" species fractions.
Shown in Fig. 9 are measurements of the m ¼ 1 frequency shifts as the "local" species concentrations are varied by altering the plasma temperature. These shifts are measured on 24 Mg þ ; 26 Mg þ , and H 3 O þ . At T տ 10 À3 eV, the species are uniformly mixed and the frequency shifts are approximately ðd s À 1Þf E , as predicted by Eq. (4).
Cooling the plasma increases the "local" species concentrations and decreases the m ¼ 1 frequency shift. At the coldest temperatures T $ 10 À4 eV, the 24 Mg þ and H 3 O þ have approached the full plasma density n 0 , and the center-ofmass cyclotron mode frequency is nearly the "bare" cyclotron frequency. Similar frequency shifts are observed for both the m ¼ 0 and m ¼ 2 modes, offset by ðm À 1Þf E .
For radially varying ion densities n s ðrÞ or varying rotation f E ðrÞ, the mode resonances at f multi-species ion plasmas predicts a similar frequency spacing, and a connection to this theory is being pursued.
VI. CONCLUSION
On radially uniform plasmas the cyclotron mode frequencies are shifted by radial electric fields and collective effects in agreement with surface wave theory, Eq. (4). These frequency shifts can be used to measure the plasma E Â B rotation frequency f E , and species fractions d s . This quantitative understanding of the frequency shifts give a physical basis for the "space charge" and "amplitude" calibration equations commonly used in mass spectroscopy. 27 For short bursts s B Շ0:1 ms, the plasma heating from resonant wave absorption of the m ¼ 1 mode is found to be DT s / d s A For non-uniform plasmas, the cyclotron mode frequencies are dependent on the "local" species concentrations, and the frequency shifts from non-resonant species are removed when the excited species is completely separated.
